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Abstract By using a Radio Frequency (RF) sputtering technique, Zn and ZnO nanostructures were
fabricated on different substrates. ZnO nonorganics were synthesized on glass substrates, and Zn
nanowires, ZnO nanoparticles and ZnO nanorods were synthesized on silicon substrates. The obtained
ZnO nanograins ranging from 30 to 100 nm in size showed an almost single-crystalline structure.
The agglomerated ZnO nanoparticles and ZnO nanorods exhibited a polycrystalline structure. The size
of agglomerated nanoparticles is in the range of 40–150 nm, and the nanorods have a diameter of
about 60 nm and a length of about 650 nm. There are four peaks in the range of 400–570 nm of the
photoluminescence (PL) spectra, at room temperature. The strong peaks in PL of these samples are related
to green and violet emissions. The PL spectra of the grown samples indicate that the nanorods fabricated
by reactive sputtering can be a good choice for use in optoelectronic devices, such as diode lasers and
LEDs.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
Zinc oxide (ZnO) is a semiconductor with a wide band gap
of 3.37 eV, and a large exciton binding energy of 60 meV. It
is an elevated candidate for semiconductor materials, piezo-
electric devices, photoconductors and optical waveguides
[1–3]. It has a hexagonal structure. ZnO thin films play an
important role in various technological areas, such as trans-
parent conducting thin films/electrodes in display devices and
solar cells, piezoelectric devices, vapor gas sensor devices, sur-
face and bulk acoustic wave devices, acoustic optical devices,
light-emitting diodes and laser diodes due to their great bond
strength, good optical quality, extreme stability of excitons and
excellent piezoelectric properties [4–8].
Many research groups have reported synthesis of ZnO
nanostructures using chemical or physical techniques, such as
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doi:10.1016/j.scient.2012.04.017Chemical Vapor Deposition (CVD) [9], Pulsed Laser Deposition
(PLD) [10], Metal-Organic Vapor Phase Expitaxy (MOVPE) [11],
Molecular Beam Epitaxy (MBE) [12], electrochemical deposi-
tion [13], thermal evaporation [14,15], and sputtering [16,17].
Recently, growths of ZnO whiskers [16] and ZnO nanorods [17]
by sputtering have been reported. The optical and physical
properties of ZnO thin films, grown by a variety of deposition
methods [18–23], are affected by the substrate temperature,
substrate material, sputtering conditions and annealing treat-
ment [23–29].
One-dimensional nanostructures are especially important in
sensing applications [30,31], optoelectronics and field emission
devices [32,33]. The growth of ZnO nanorods via the VLS
process, using Au or Sn as catalysts, has been reported in
[34–36]. Other techniques that do not use catalysts, such
as metalorganic vapor-phase epitaxial growth [37], template-
assisted growth [32], and electrical field alignment [38], have
also been applied for growing ZnO nanorods. The epitaxial
orientation mismatch relationship between the nanorod and
the substrate results in the aligned growth of nanorods normal
to the substrate. Little attention has been paid to the use of a
sputtering technique for growing nanostructures.
In this work, we successfully synthesized crystalline ZnO
nanostructures, such as nano grain, nanoparticles, nanowires,
and nanorods on glass and silicon substrates, by RF sputtering.
evier B.V. Open access under CC BY license.
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Substrate type Working
pressure (Pa)
Ar:O2 ratio Sputtering
power (W)
Sputtering
time (min)
Sputtering
rate (Å/s)
Substrate
temperature (°C)
Sample A Corning glass
7095
2 2:1 150 180 0.97 200
Sample B p-Si (100) 2 – 78 180 1.44 150
Sample C p-Si (100) 2 5:2 100 220 0.83 200Figure 1: A schematic diagram of RF magnetron sputtering.
The heterostructure of p-Si/n-ZnO nanorods plays an important
role in their application as light emitting diodes or diode lasers.
We compared the photoluminescence (PL) spectra and suggest
that the nanorods constructed by RF sputtering have excellent
PL intensity for use as LEDs.
2. Material and methods
Thin metal zinc and zinc oxide films were prepared by a
magnetron sputtering system, with a sputtering frequency of
13.56 MHz. A schematic diagram of RF magnetron sputtering is
shown in Figure 1. We carried out the experiment under three
different conditions. Sample A was sputtered on Corning glass,
while samples B and C were sputtered on p-Si (100) substrate.
Two different substrates were used to compare the effect of
different substrates on the crystallinity and morphology of the
products. The procedures used to clean different substrates
were almost the same. The glass substrate was cleaned in
an ultrasonic bath of acetone and distilled water for 10 min,
respectively, and dried in nitrogen flow. Silicon substrates were
cleaned in the same way, but were dipped in dilute HF acid
before being dried in nitrogen flow. The target used in these
experiments was 7.62 cm (3 in) of circular metallic zinc with
99.995% purity. The purity of the Ar and O2 gases used was
99.99%. The chamber was evacuated to ∼6 × 10−4 Pa before
sputtering and, then rinsed with Ar gas for 2 min. The pre-
sputtering pressure, RF power and time were 1 Pa, 32 W, and
5 min, respectively.
In these experiments, the target to substrate distance was
85 mm. The sputtering conditions are summarized in Table 1.
The deposition process for sample A was conducted in an
atmosphere of mixed Ar and O2 with a ratio of 2:1. The
sputtering working pressure in this experiment was 2 Pa.
The RF sputtering power was 150 W. The thickness of the
deposited film was about 1 µm, which was measured by acrystal thickness monitor. During the deposition process, the
substrate temperature was kept constant at 200 °C.
In the second experiment, we used p-type Si (100) as the
substrate. In this experiment, first a thin layer of ZnO with
a thickness of 10 nm was deposited, with a RF power of
26 W and a sputtering rate of 0.8 Å/s with Ar:O2 ratio of 1:1.
The sputtering working pressure was 2 Pa. Then, the O2 flow
was broken off and the RF power was increased to 78 W,
thereby, depositing a Zn layer of 1.5 µm thickness on the first
layer. During the deposition of the Zn layer, the substrate was
intentionally heated to 150 °C.
To prepare the third sample, we again utilized p-type Si (100)
substrate. In this experiment, the sputtering working pressure
was 2 Pa, the RF sputtering power was 100W and the thickness
of deposited thin filmwas about 750 nm. During the deposition,
the substrate was intentionally heated to 200 °C.
After the sputtering process, we investigated the effect of
annealing in an oxygen atmosphere on the samples. Samples
A and Bwere placed separately in a tube furnace connected to a
vacuum system. After that, the tube was evacuated to 1× 10−3
Pa, and the oxygen gas was introduced into the tube until the
pressure reached 100 Pa. At the end, samples A and B were
heated up to 550 and 750 °C, respectively. The heat treatment
in oxygen flow continued for 1 h. Sample C was not annealed
at all.
The evaluation of the surface morphology was studied by
scanning electron microscopy, which was also used to take the
SEM images of the samples. XRD measurements were carried
out using a Rigaku D/max rB X-ray diffractometer with CuKα
line (40 kV 100 mA). The crystal structure of the synthesized
nanostructures was characterized by a θ–2θ scan mode of
X-ray diffraction. PL measurements were carried out at room
temperature using a fluorescence spectrometer (FLS920) at
an excitation wavelength of 250 nm, with a 300 W Xe lamp
excitation source.
3. Results and discussions
Figure 2a is a top view SEM image of the surface of sample A
with high magnification before annealing. As seen, the surface
is covered with small size grains in the range of 30–100 nm.
The thickness of the film was less than 1 µm. Figure 2b
indicates a top view of this sample with higher magnification.
A typical grain on the surface of this sample has a diameter
of 42 nm. Since the deposition process for sample A was
reactive sputtering, with the Ar:O2 ratio of 2:1, it was expected,
before the deposition, that the sputtered Zn atoms, would react
with oxygen molecules in the ambient and would form ZnO
structures on the substrate surface. The XRD measurement
that will be discussed later, revealed that these small grains
are ZnO nanograins. Due to the structural mismatch of the
glass substrate and ZnO layer, it was not expected to have
complicated nanostructures in this experiment. As a result
of heating the substrate, nanocrystals with minimum energy
were formed on the substrate surface. Therefore, ZnO nano
936 V. Ghafouri et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 934–942Figure 2: (a) and (b) High magnification top-view SEM images from the surface of ZnO nanocrystals grown by RF sputtering on the glass substrate before annealing.
(c) Low and (d) high magnification top-view SEM images of nanoparticles grown on the glass surface after annealing at 550 °C in O2 ambient for 2 h. (e) Cross view
of the sample before annealing. (f) Cross view SEM image of a hill-shape structure formed on the sample surface after annealing.grains with little spacing were created on the surface. Figure 2c
shows a low magnification top-view SEM image of the surface
morphology of sample A after annealing in a tube furnace. A
layer of Au with 5 nm thickness was sputtered on the surfaceof sample A before annealing. As seen in Figure 2d, which
is a high magnification top-view SEM image of this sample,
ZnO nanoparticles with different sizes, from 40 to 250 nm, are
formed on the surface. The main reason for the formation of
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The probable formation mechanism for nanoparticles may be
explained as follows: After annealing in the furnace, the Au thin
film turned into nanograins with suitable spacing. As known,
the temperature of Au vapor saturation is low. Therefore,
Au nanograins are formed on the surface as a result of the
high annealing temperature. Furthermore, the heat treatment
causes atoms in the ZnO grains to gain enough energy to make
a different arrangement. So, ZnO covers the Au nanograins
and the nanoparticles of ZnO appearing on the surface. Here,
the Au nanograins have a seed layer role in forming the
ZnO nanoparticles. Apart from the role of Au nanograins,
oxygen abundance in the tube furnace for annealing in pure
oxygen is a key player in growing ZnO nanoparticles. The
oxygen abundance improves the oxidation and formation of
ZnO nanoparticles. Figure 2e and f indicate cross sections of
sample A before and after annealing, respectively. It is clear
from Figure 2e that the ZnO layer is composed of nano sized
grains. In Figure 2f, a hill-shape structure of ZnO can be seen
that has a diameter of about 250 nm.
Figure 3a shows a low magnification top view SEM image
of sample B before the annealing process in which a black
layer with low adhesion was deposited on the Si substrate.
The figure illustrates nanostrings grown on the surface of the
p-type silicon substrate before annealing. Figure 3b shows a
high magnification top-view SEM image of the same sample.
Since no oxygen was introduced into the chamber during the
deposition of this sample, the observed nanostrings must be
Zn/ZnO nanostrings. The diameter of the nanostrings is about
24 nm, and they have a length of about 1 µm. The reason
for the structures not being in the form of a grey Zn thin
film in this sample is because the substrate was heated up to
150 °C during the sputtering process. After annealing in the
tube furnace at 750 °C in the presence of oxygen flow, the
black thin film with low adhesion converted to a thin white
layer with strong adhesion to the Si substrate. This indicates
that the Zn/ZnO thin film has converted to a ZnO thin film. The
thickness of this thin film is about 1.5 µm. Figure 3c and d
show the morphology of agglomerated ZnO nanoparticles after
annealing, with low and high magnification, respectively. The
construction process of the ZnO nanoparticles can be explained
as follows: the Zn/ZnO nanostring, deposited by RF sputtering,
reacted with oxygen molecules by annealing at 750 °C in the
presence of the oxygen flow. After the reaction of the Zn/ZnO
nanostring with oxygen, the nanostructure morphology of the
nanostrings altered. As a result of annealing and oxidation,
some of the nanostrings combined and formed aglomerated
ZnO nanoparticles on the substrate surface. The typical size of
nanoparticles is about 100 nm. Figure 3e shows a tilted view
of sample B after annealing, and Figure 3f indicates a cross
sectional view of sample B after annealing.
Figure 4a shows the morphology of the ZnO thin film in
sample C . As indicated in this image, the ZnO thin film has
assumed a regular pattern, the reason for which is probably the
mismatch between the ZnO crystal structure and Si substrate.
The mismatch between the Si substrate and ZnO crystal
structure is less than the mismatch between glass and ZnO.
In the high magnification SEM image, Figure 4b, very small
nanograins can be seen on the surface of the sample. Figure 4c
indicates a cross section view of sample C . It was observed
that ZnO nanorods had grown on the Si substrate surface
very closely to each other with an aligned shape. The aligned
nanorods have an average length of about 650 nm. Figure 4e
and f indicate a tilted view of this sample, with low and highmagnification. As seen in Figure 4f, aligned nanorods, with a
diameter of about 63 nm, have grown on the silicon substrate.
Figure 5a illustrates the XRD pattern of sample A annealed
in an oxygen atmosphere in the tube furnace at 550 °C for 1 h.
The diffraction peaks located at 2θ = 34.58, with a d-spacing
of 2.5920, correspond to ZnO (002) orientation, and 2θ =
38.45, with a d-spacing of 2.3396, correspond to the Zn (100)
peak. The Zn peak in the XRD pattern is only 5.6% of the
ZnO peak, which is the dominant peak in the XRD pattern.
Therefore, it can be said that the sample has, approximately,
a single crystal structure. Figure 5b shows the XRD pattern
of sample B before annealing. The diffraction peaks located at
2θ = 32.38, 35.19, 36.94, 39.89, 44.05, 48.61, 55.45, 57.73,
58.80, 64.03 69.36 and 71.80, with d-spacing 2.762, 2.5478,
2.4315, 2.2846, 2.05468, 1.87143, 1.65646, 1.59545, 1.56904,
1.453, 1.35379 and 1.3136, correspond to crystal planes of
ZnO (100), ZnO (002), ZnO (101), Zn (100), Zn (101), ZnO
(102), Zn (102), ZnO (110), Zn (110), ZnO (103), ZnO (112)
and Zn (103), respectively. Figure 5c shows the XRD pattern
of the sample B after annealing. The diffraction peaks located
at 2θ = 31.68, 34.33, 36.22, 47.58, 56.61, 62.83 and 68.04,
with d-spacing 2.8217, 2.6102, 2.4778, 1.9094, 1.6246, 1.4778
and 1.3768, correspond to ZnO crystal planes of (100), (002),
(101), (102), (110), (103) and (112), respectively. This sample
has a polycrystalline structure with the preferred orientation of
(101). The annealing process in the oxygen atmosphere caused
the Zn nanostring to completely convert to ZnO nanoparticles.
By comparing these two XRD patterns, before and after
annealing, for sample B, it is obvious that before annealing, the
sample zinc atoms existed on the sample and after annealing,
only ZnO peaks existed in the XRD pattern in this sample,
which verified that the sample has only ZnO wurtzite crystal
structure. Figure 5d indicates the XRD pattern related to sample
C . The diffraction peaks of ZnO in the XRD pattern of this
sample are located at 2θ = 31.73, 34.28, 36.10, 47.50, 56.52
and 62.77, with d-spacing 2.8179, 2.6140, 2.4863, 1.9128,
1.6269 and 1.4792, which correspond to (100), (002), (101),
(102), (110) and (103) planes, respectively. The maximum peak
for sample C is in a direction [002] that relates to the hexagonal
axis of the ZnO crystal. Since the intensity of other peaks in the
XRD pattern are all less than 30% of the intensity of the (002)
plane, it could be said that sample C has an almost single crystal
structure.
The photoluminescence (PL) spectra of the samples are
indicated in Figure 6. Figure 6a shows the PL spectra in the
range of 525–570 nm in the range of the green spectrum, and
Figure 6b shows the PL spectra in the range of 400–480 nm
in the range of the blue–violet spectrum. The dash-dot lines
show the PL spectrumof sample A, the dash lines indicate the PL
spectrum of sample B and the solid lines indicate the PL spectra
of sample C .
The maximum peak of the green spectrum is located at
531.94 nm. The first peak in Figure 6b is in the range of the blue
spectrum, and its maximum peak is located at 460.47 nm. The
second and third peaks that are located in the range of the violet
spectrum have maximums centered at 440.89 and 422.92 nm,
respectively.
Already, it has been claimed that the green emission
originates from transition of the defect level of antisite oxide
(OZn) [39]. The majority donors are oxygen vacancies (VO) and
zinc interstials (Zni). Antisite oxide (OZn) in the films under
O-rich conditions was easily formed from interstitial oxides
(Oi) and zinc vacancies (VZn), because the antisite oxide has
relatively low formation energy [40]. Vanheusden et al. [41]
938 V. Ghafouri et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 934–942Figure 3: (a) Low and (b) high magnification top-view SEM images of Zn/ZnO nanostrings grown on the p-Si (100) subtrate before anealing. (c) Low and (d) high
magnification top-view SEM images of agglomerated ZnO nanoparticles formed on the p-Si (100) substrate after anealing at 750 °C in O2 ambient for 2 h. (e) Tilted
view of sample B after annealing. (f) Cross view of the sample after annealing.proved that the singly ionized oxygen vacancy is responsible
for the green emission and this emission results from the
recombination of a photogenerated holemwith a singly ionized
charge state of this defect. It must be mentioned that in our
work, the green PL intensity has lower full width at halfmaximum (FWHM), compared to work in Refs. [39–41], which
may be due to the different parameters of sputtering in our
work.
For violet emission, variouswavelengths have been reported
in recent years. Violet luminescence was reported in 420 nm by
V. Ghafouri et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 934–942 939Figure 4: (a) A lowmagnification top-view SEM image of the surface of ZnO thin film. (b) A high magnified top-view SEM image of the surface of ZnO structures. (c)
Low and (d) high magnification cross-sectional SEM images of compactly aligned nanorods grown on p-Si (100) substrate. (e) Low and (f) high magnification tilted
views of sample D. The average diameter of nanorods is about 60 nm, and their length is about 650 nm.Jin et al. [42] for a ZnO thin film grown by the PLD procedure on
sapphire (001) substrate. They claimed that violet luminescence
is induced by radiation defects relevant to interface traps on
grain boundaries, and is produced from this and valance levels.
Lin et al. [43] found a violet emission at 392 nm in a ZnO film
grown by DC sputtering on Si substrate. Fu et al. [44] found aviolet emission at 392nm in a ZnO filmbyRF reactive sputtering
on Si substrate. They supposed that the violet emission results
from the electron transition of the valance band. Also, it is
claimed that the violet emission is a result of electron transition
from the tail state in the conduct band to the valance band of the
tail state [45].
940 V. Ghafouri et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 934–942Figure 5: (a) XRD pattern of ZnO nanocrystals deposited on a glass substrate before annealing. (b) XRD pattern of Zn/ZnO nanostrings grown by RF sputtering on
the p-Si (100) substrate before annealing. (c) XRD pattern of ZnO nanoparticles formed on the p-Si (100) substrate after annealing. (d) A semi single-crystalline XRD
pattern of ZnO nanorods growth by RF sputtering on the p-Si (100).Figure 6: Room temperature photoluminescence spectra of samples A (dashed
dot line), B (dashed line) and C (solid line); (a) in the range of 525–570 nm, and
(b) in the range of 400–480 nm.
The relative intensities of the samples are plotted in Figure 7.
As these results indicate sample C has the highest PL intensity.
Themaximum relative PL intensity is relevant to the PL peak for
samples C to A. It states that the aligned nanorods have the best
PL intensity compared to the thin film grown by RF sputtering.
So, we have concluded that the sample containing nanorods
fabricated by reactive sputtering is a good candidate for use in
optoelectronic devices.
4. Conclusions
We constructed crystalline ZnO nanostructures using
the sputtering method. We successfully synthesized ZnOFigure 7: The relative intensity of PL peaks for three samples. Circles, triangles
and squares are related to the relative intesity of the PL peaks of samples C to
B, B to A, and C to A, respectively.
nanograins on glass substrates and Zn nanowires, ZnO nanopar-
ticles and nanorods on silicon substrates. The obtained ZnO
nanograins exhibited an almost single-crystalline hexagonal
structure and had sizes in the range of 50–100 nm. The agglom-
erated ZnO nanoparticle exhibited a polycrystalline structure
V. Ghafouri et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 934–942 941and ZnOnanorods exhibited a semi single-crystal structure. The
average size of agglomerated nanoparticles ranges from 40 to
150 nm, the diameter of the nanorods is about 60 nm and their
length is about 650 nm. XRD patterns show that by using the RF
sputteringmethod, we could construct almost single crystalline
nanostructures on glass and silicon substrates. The PL spectra
indicated that among the samples synthesized in this exper-
iment, nanorods are the best choice for use in optoelectronic
devices, such as diode lasers and LEDs.
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